The existing approaches to synthesizing high qual ity nanocrystals, in particular, quantum dots at high fluorescence yield and narrow size scatter reduce to two main methods. The most widely used and most studied of them is high temperature organometallic synthesis. This method was proposed by Bawendi et al. in 1993 [1] and consists in producing inorganic nano particles in organic solvents. An alternative to organo metallic synthesis is an experimentally simpler synthe sis method called one pot method. This method is currently widely used in organic synthesis but is becoming more and more popular for synthesizing inorganic compounds in the nanocrystalline state, e.g., oxides [2] , core@shell structures based on pure metals [3] and metal chalcogenides [4] , and semicon ductor nanocrystals and quantum dots [5] . Among one pot methods is chemical condensation or chemi cal precipitation from solutions, by which nanoparti cles can be synthesized directly in the aqueous medium-this is a necessary condition of using these nanoparticles in biology and medicine.
In producing nanoparticles of predetermined mor phology (size, shape) by chemical precipitation from aqueous solutions, two stages are critical: the stage of the primary chemical interaction to form a precipitatesolution system, at which nuclei emerge and grow, and the stage of aging of the system because of secondary processes of interaction of the precipitate and the solu tion. The purpose of this work was to study how the ini tial conditions of the chemical precipitation (namely, the chemical affinity A of the reaction and the relative supersaturation) affect the size of nanoparticles forming at both stages of chemical precipitation.
The object of synthesis and investigation was the narrow band semiconductor lead sulfide PbS with important quantum properties in the IR spectral range [6] . Lead sulfide in the equilibrium state has a cubic structure of the B1 type (NaCl, space group Fm-3m). Lead sulfide was chosen because of its practical impor tance for the nanoindustry, including nanoelectronics and nanomedicine, in particular, for creating lasers with elevated radiating power, using as thermoelectric materials for efficient direct and reverse heat conver sion to electricity, and applying in medical histological diagnosis, monitoring biological processes in living organisms, multicolor representation of genome structure, etc.
EXPERIMENTAL

Calculation of Chemical Affinity
The chemical precipitation of PbS was performed in a closed system at constant temperature and pres sure. In such systems, the state function А called chemical affinity of reaction is more than or equal to zero: А ≥ 0 [7] . In this relation, the inequality corre sponds to a spontaneously occurring reaction and the equality А = 0 means equilibrium. The function А is independent of the kind of the process under consid eration and is determined only by the initial and final states of the system. For a spontaneous reaction pro ceeding from left to right (e.g., Pb 2+ + S 2-→ PbS) at constant pressure and temperature, we have [7] ,
where K(T, p) is the equilibrium constant for the pro cess under consideration; с i is an arbitrary, e.g., initial, molar concentration of component i; γ i is the activity coefficient of component i; and is the stoichiomet ric coefficient.
Synthesis
In this work, PbS particles were produced by homogeneous and heterogeneous methods of chemi cal precipitation from aqueous solutions, which are based on the interaction of soluble lead compounds with sulfidizing agents. The fundamental difference of the homogeneous method from the heterogeneous one is that a precipitant containing the ion S 2-is not added to the solution containing the ions Pb 2+ to be precipitated but is slowly and gradually forms by reac tions in solution.
In the homogeneous method of chemical precipi tation, PbS was synthesized from an aqueous solution of lead acetate Pb(СН 3 COO) 2 (0.005-0.010 M) and thiourea (NH 2 ) 2 CS (0.025-0.050 M) in the presence of sodium citrate Na 3 C 6 H 5 O 7 and sodium hydroxide NaOH at pH 12. Initially, the reaction of Pb(СН 3 COO) 2 with Na 3 C 6 H 5 O 7 gave the complex lead salt Pb(OH)Cit 2- , and the further precipitation occurred by the reaction (2) To calculate А by formula (1) at the initial moment of the process, it is necessary to make a thermody namic analysis of the initial conditions. Taking into account the reversibility of the hydrolytic decomposi tion of (NH 2 ) 2 CS in aqueous alkaline solutions [6] , we performed a thermodynamic analysis of the equilib rium existence of lead sulfide, lead hydroxide, and other intermediate products of the precipitation reac tion as shown previously [9, 10] . Based on the calcula tion results, we made a well founded choice of the pH range and the concentrations of the components of the system Pb In the heterogeneous method of chemical precipi tation, PbS was synthesized [11] by mixing stoichio metric amounts of aqueous solutions of lead acetate and sodium sulfide by the reaction Pb(СН 3 COO) 2 + Na 2 S = PbS + 2NaСН 3 COO. (3) In the interaction of the aqueous solutions of Pb(СН 3 СОO) 2 Because the chemical precipitation of PbS was per formed at different concentrations of the initial com ponents, the А value was varied over a wide range. The chemical precipitation of PbS was carried out at con stant temperature and pH, and also at the same sequence and rate of mixing of reactants. The А value was calculated for each reaction of the formation of PbS particles in aqueous solution by methods of equi librium thermodynamics of electrolyte solutions. It was considered that the reaction occurs in the system that is in partial equilibrium. Because the precipitation was conducted from diluted solutions, the activity coefficients of the components were assumed to be unities. In the heterogeneous and homogeneous pre cipitations, А was varied within the ranges from 20.57 to 88.47 and from 31.42 to 38.68 kJ/mol, respectively.
The crystal structure and average size of PbS parti cles were determined by X ray powder diffraction by analogy with published cases [10, 12] . The results showed that, in this work, we obtained nanocrystalline lead sulfide powders with an average particle size of 8 to 300 nm. The observed large broadening of diffrac tion reflections is mainly due to small particle size. All the PbS nanopowders are characterized by the same set of diffraction reflections, which corresponds to the cubic structure B1. 
RESULTS AND DISCUSSION
Study of the stage of the primary chemical interac tion to form a precipitate-solution system. The set of experiments on the heterogeneous precipitation of slightly soluble hydrophobic PbS nanoparticles from aqueous solutions showed that the size of primary par ticles insignificantly decreases with increasing А and, correspondingly, with increasing relative supersatura tion over a wide range. The average size of PbS nano particles is 〈D〉 = 18 ± 2 nm at А = 24.56-26.28 kJ/mol and 〈D〉 = 10 ± 2 nm at А = 80.49-88.47 kJ/mol (Fig. 1) . Conversely, in the homogeneous precipitation, the PbS particle size considerably increases with insignifi cantly increasing А: from 〈D〉 = 90 ± 10 nm at А = 31.42 kJ/mol to 〈D〉 = 300 ± 10 nm at А = 38.68 kJ/mol.
The morphology of precipitate particles is known to be determined by the ratio between the rate of the formation of crystal nuclei and the rate of their growth. In von Weimarn's classical precipitation the ory [13] , the nucleation rate is directly dependent on the supersaturation and, correspondingly, А: all other conditions being equal, the higher the nucleation rate, the higher the supersaturation of the initial solution. It should be taken into account that, according to Volmer's quantitative theory of crystal nucleation [14, 15] , increasing supersaturation causes an increase both in the nucleation rate, and in the nuclei growth rate; however, the latter depends on supersaturation less strongly. According to the existing notions, with increasing supersaturation of a solution, smaller and smaller nuclei become stable in it, because of which their nucleation rate is higher and the size of the grown particles is smaller.
Thus, in the heterogeneous chemical precipitation, the formation of PbS nanoparticles from aqueous solutions obeys the classical precipitation theory and the Weimarn-Haber precipitation rule, whereas, in the homogeneous precipitation, there is an abnormal dependence between the size of PbS nanoparticles and the chemical affinity А of their formation reaction: the size of PbS nanoparticles is directly proportional to A. This can be explained as follows.
The limiting stage of the formation of PbS in aque ous solutions of (NH 2 ) 2 CS (in the homogeneous pre cipitation) is the N 2 H 4 CS hydrolysis to form sulfide and hydrosulfide ions [8] . This reaction has quite a long induction period, and PbS forms at a noticeably lower rate than in the case of using a Na 2 S solution containing S 2-and НS -ions. For example, at room temperature (in the heterogeneous participation), PbS forms as early as the first seconds, whereas, in the homogeneous precipitation, the first PbS particles emerge in approximately 60 min after mixing the reac tants. Because of this, the supersaturation is low and primary crystallization nuclei are relatively few. As a result, the hydrolysis of the precipitant (NH 2 ) 2 CS leads not so much to the emergence of new PbS crys tallization nuclei as to an increase in the size of the already forming nuclei. The nuclei growth rate is directly proportional to the initial concentrations of Pb(СН 3 COO) 2 and N 2 H 4 CS, i.e., to А.
The results obtained suggest that, in the homoge neous method of chemical precipitation, nuclei grow much faster than they emerge. This leads to producing larger particles, the size of which increases with increasing А.
Study of the stage of aging of the precipitate-solu tion system. The observations of the spontaneous change in the size of nanoparticles in contact with solu tion demonstrated that, at high А (above 75 kJ/mol), nanoparticles hardly grow, whereas at low А (below 40 kJ/mol), nanoparticles transform to submicron sized (~100 nm) particles (Fig. 2) . For example, at A = 88.47 kJ/mol, 〈D〉 for 10 days only doubles: from 8 ± 1 to 16 ± 2 nm, whereas, at A = 26.28 kJ/mol, 〈D〉 changes for the same time by a factor of 4.5 from 17 ± 1 to 90 ± 10 nm.
It was also detected (Fig. 3) that the rate w of growth of nanoparticles in contact with solution is inversely proportional to А. The identified depen dence of the nanoparticle growth rate on the chemical affinity А is described by an exponential function of the form , where is the nanoparticle growth rate, is the change in the volume of a PbS nanoparticle in time Δτ, k = 62 217 nm 3 /day, and А 0 = 14.8 kJ/mol. This depen dence was derived under certain assumptions of the shape of particles (particles were taken to be spherical) and the growth laws (all the particle surface elements were believed to be identically efficient growth regions).
These experimental data suggested that, at high А (above 75 kJ/mol), the physical aging of the PbS pre cipitate-solution system occurs by a recrystallization 
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mechanism, by which, first of all, the crystal lattice loses excess surface defects by dissolving more defec tive regions on the particle surface, whereas the size of primary particles remains unchanged or changes hardly. At low А (below 40 kJ/mol), the PbS precipitatesolution system ages by the Ostwald ripening mecha nism [15] . By analyzing the Ostwald ripening equa tion, it was concluded that, in the PbS precipitatesolution system, there is an active growth of particles, with larger particles growing by dissolving smaller ones, as was observed in our experiments.
The Ostwald ripening does not occur in highly agglomerated and coagulated precipitates, such as those obtained at А > 75 kJ/mol.
Thus, we detected the following dependence. In the heterogeneous precipitation of PbS nanoparticles, with increasing precipitation time (lifetime of the pre cipitate-solution system), the chemical affinity А cor responding to the maximal particle size decreases and the maximal particle size increases.
We determined the dependence of the chemical composition of the PbS precipitate and the size of its particles on the method of chemical precipitation and gave recommendations on the production of PbS nanoparticles of predetermined size and chemical composition PbS. Based on this dependence, the fol lowing conclusions can be made: PbS nanoparticles should be obtained by heterogeneous precipitation at a chemical affinity of the reaction of less than 40 kJ/mol at a stoichiometric ratio between the reac tants while varying the lifetime of the PbS nanoparti cles-solution system.
Thus, by the example of the chemical precipitation of PbS nanoparticles, we studied the effect of the stage of the primary chemical interaction to form a precipi tate-solution system and the stage of aging of the sys tem on the size of the forming nanoparticles. We showed that, in the heterogeneous chemical precipita tion, the formation of slightly soluble hydrophobic PbS nanoparticles from aqueous solutions obeys the classical precipitation theory: the particle size increases with decreasing supersaturation. In the homogeneous precipitation, there is an abnormal dependence between the size of PbS nanoparticles and the chemical affinity А of their formation reaction: the size of PbS nanoparticles is directly proportional to А.
The study of the stage of aging of the PbS precipi tate-solution system showed that the rate of growth of nanoparticles in contact with solution is inversely pro portional to А. In the heterogeneous precipitation of nanoparticles, with increasing precipitation lifetime of this system, the chemical affinity corresponding to the maximal particle size decreases and the maximal par ticle size increases. At high chemical affinity А (above 75 kJ/mol), the physical aging of the PbS precipitatesolution system occurs by a recrystallization mecha nism, and at low A (below 40 kJ/mol), it occurs by the Ostwald ripening mechanism.
